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Electron acceleration in the dynamic magnetotail: Test particle orbits
in three-dimensional magnetohydrodynamic simulation fields
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Electron acceleration and energetic electron flux increases in the inner tail are investigated on the
basis of test-particle orbits in the dynamic fields of a three-dimensional magnetohydrodynamic
simulation of neutral line formation and dipolarization in the magnetotail. Past models have mostly
considered equatorial orbits, using the gyrocenter drift approximation. In this paper, the
investigation is extended to include nonequatorial drifts and full orbit integrations in regions where
the drift approximation breaks down. Typical acceleration mechanisms consist of betatron
acceleration at large pitch angles and Fermi acceleration at small pitch angles, resulting from the
dipolarization and shortening of field lines moving earthward from the neutral line. In comparison,
acceleration at the near-Earth neutral line plays a negligible role in flux increases observed in the
near tail. Energetic electron fluxes appear preferentially enhanced around 90° pitch angle, so that
restriction to those pitch angles might lead to an overestimate of flux increases. Otherwise, the
results explain the observed limitation of the range of flux enhancements between a few keV and a
few hundred keV. ©2004 American Institute of Physic§DOI: 10.1063/1.1704641

I. INTRODUCTION acceleration and flux changes were also investigated by test
particle orbits in the same dynamic MHD simulation fietds.
The acceleration of charged particles to high energies iThese simulations, although restricted to adiabatic orbits in
an important part of activity in magnetospheric, solar, andthe equatorial plane, using the gyrocenter drift approxima-
astrophysical plasmas. Energetic particle injections into théon, also reproduced characteristic observed energetic elec-
near-Earth magnetosphere, that is, the sudden increase ®bn signatures and specifically, showed the east—west dis-
charged particle fluxes at energies from tens to hundreds gflacement of energetic ion and electron flux signatures and
keV, are a characteristic feature of the onset of the expansivge limited energy range of flux increases. Observed tempo-
phase of magnetospheric substorfesy., Refs. 1-B The  ra| flux variations of energetic electrons have also been re-
particle injections are associated with a rapid reorganizatioproduced by Ref. 15, using numerical integration, and Ref.
of the inner magnetotail, described as dipolarization or col48, using an analytic model, based on particle orbits in as-
lapse of a stretched tail-like fiele.g., Refs. 1, 4, band @ sumed fields modeling dipolarization of the inner tail. The
strong induced electric field predominantly in the dawn-to-two models, however, differed in the source regions for the
dusk (y) direction[e.g., Ref. @, which is localized in space accelerated particles.
as well as time. The acceleration affects both ions and elec-  The crucial role in generating energetic particle charac-
trons, but the observed signatures show local time depefgristics is played by the cross-tail electric field, induced by
dence resulting from particle driffg.g., Ref. 7. Surveys of  the dynamic changes of the tail magnetic geometry. The most
dispersionless injectiofiS demonstrated that even the re- important factors are that the electric field is localized in all
gions of dispersionless injections are not identical for elecipree space dimensions, propagates earthward, and peaks
trons and ions, but most likely displaced in the east-weshear the tail/dipole transition region, rather than near the x
direction. line where reconnection takes place. In MHD simulations
While modeling of the effects of wave—particle interac- thjs property follows self-consistently from the evolution of
tions requires the use of kinetic models, the acceleratiomhe tail after the initiation of reconnection. Although the role
from large-scale electric fields can be investigated throughy the large-scale electric field in the acceleration seems well
test particle simulations in appropriate fiel@sg., Refs. 10— ggtaplished, it is not clear whether the properties of the par-
15]. The observed energetic ion behavior was indeed SUGjcle velocity distributions, such as changes in isotropy, are
cessfully reproduced in simulations that were based on tegfie effects of the large-scale fields or whether additional
particle orbits in the dynamic fields from an magnetohydro-gmajier-scale fluctuations are crucial. As demonstrated by
d.yna.m|c(MHD) simulation of. tail recon.ne_ctlon, plasmoid ,pservations at geosynchronous orbit, preexisting perpen-
ejection, and collapse of the inner t¥iSimilarly, electron dicular anisotropiesT, >T,) of thermal ions and electrons
typically decrease during the substorm growth phase and in-
dElectronic mail: jbir@lanl.gov crease again after ongetyhile energetic electron distribu-
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tions become more field aligned during the growth phase andersa, when the drift approximation becomes valid or in-
less field aligned after onset. The study of such effects obvivalid. In Sec. Ill we will describe characteristics of the simu-
ously requires consideration of arbitrary pitch angles andation fields and illustrate typical orbits and acceleration
nonequatorial orbits. This is also necessary in order to estimechanisms. Section IV then will be devoted to phase-space
mate pitch-angle-integrated fluxes, which may differ fromvariations of the simulated electron fluxes.
strictly equatorial fluxes.

Most of the earlier investigations of electron injections
have been based on adiabatic drift orbits, using the conselrl—' BASIC APPROACH
vation of the magnetic momene.g., Refs. 15, 1B This The electron energies of interest approach or may even
approximation is usually well satisfied for electrons in theexceed the rest energy. We therefore use relativistic equa-
vicinity of geosynchronous orbit, where most of the injectiontions of motion. The full motion of an electron with rest mass
observations have been made. However, encounters of te, and charge-e is described by
neutral sheet under sufficiently weak fields do not satisfy the
drift approximation. Such encounters act like a pitch-angle U i( E+ EuXB), (1)
scattering proceske.g., Ref. 19 such that orbits that are Dt Me
initially close to the equatorial plane need not stay close tQyhere
that plane, or vice versa. Furthermore, substorm simulations
indicate that the collapse of the inner tail is the consequence BE ﬂ tW-V )
of magnetic reconnection farther downtdé.g., Ref. 20, Dt at '
presumably at a distance around 20 toRgQ Reconnection Here, we have sai=1w, wherew is the electron velocity,
shortens magnetic field lines, reduces the specific entropyq
and thus enables the transport into the inner[&@ig., Ref.

21-23. Collapsing field lines, identified by reduced entropy 1 —
content, hence typically have previously undergone recon- 7~ m: Vi+ud/cs, ©)

nection. Energetic electrons up to energies of tens or hun-
dreds of keV typically also follow this field line history. That is the relativistic factor. The kinetic energy of the electron is
means that prior to the collapse, these electrons typicalljhen given by
hqve passed. the vicinity of the rgconnection.site, where the W= (y— 1)meC2. ()
drift assumption breaks down. This becomes important when
the effects of the collapse are to be compared with the direct The drift of an electron with rest mass, (relativistic
acceleration in the vicinity of the neutral line, for the identi- Magnetic moment.,, and chargej=—e is given by[e.g.,
fication of the source regions, and for a quantitative estimaRef. 26
tion of fluxes when the_inject_ed pqrticles haye_ _to_be traced 4 BXVB mgyv, B db m, B
back to the source configuration prior to the initiation of the — vy=vp— ———- —— —X——— —
dynamic phase. Therefore, a full investigation of the history
of accelerated electrons in the dynamic reconnecting tail has
to take into account that during parts of that history the adia- X , (5)
batic drift assumption may not be valid, so that full orbit dt
integrations have to be made. whereb=B/B

As in our previous test particle investigatiofis,” we
use the electric and magnetic fields obtained from an MHD v Z% 6)
simulation?® This simulation includes both features consid- E g2’
ered as potentially relevant for particle acceleration: a neutral
line region associated with the reconnection process and !
field collapse or dipolarization of the inner tdivhich is d
similar to the “convection surge mechanisf®. This has gi=at Tvitva)-V, @)
already permitted a comparison of the relative importance of ] o ] . o
these features for ion acceleration. While both mechanisml§ the time derivative along the drift orbit. The relativistic
were found to contribute to ion acceleration and enhanceMagnetic momeng, is defined by
ment of fluxes, the electric field associated with the collapse pf
was most significant for the initial flux increase of an injec- M=o s (8)
tion and hence the inndearthward edge of the region of €
enhanced ion fluxeéinjection boundary, Here, we extend wherep, =mgyw, =mgu, is the perpendicular relativistic
this work to consider electron acceleration. momentum associated with the gyration speed The ki-

In Sec. Il we will discuss the equations of motion. Full netic energy is then given big) with
orbit integration of the electron motion is time consuming _ 2 APV
and unnecessary in regions where electrons are adiabatic, Y= \/1+(u”+2,urB/me+uE)/c ' ©)
and may actually lead to unwanted large accumulated errorsvhereu;= yv; andug= yvg . We note that we do not distin-
We therefore switch from full orbits to drift orbits, and vice guish between the parallel speed of the particle and that of
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the gyrocenter. The drift contributions are neglected in the ) BXVB B b
energy expressiof®) because these contributions are even  Vy=Vg— 5, Az —eaGHA—zxg, (15
smaller than theEXB drift contribution in comparison to Y B B

those of the gyromotion and the parallel motion. di 1 B
Concerning the equation of motion for the parallel com- —!—-_ ~E = Ll —

ponent of the velocity, it turns out that the expression given, dt €a 207y 9s

for instance, in Ref. 26 has to be modified to ensure exaGhere Vyz=Vvyg/v. and only the leading term adb/dt is

energy conservation for stationary fields. The additionaketained.

terms are only of ordee?, wheree is the smallness param- The (normalized kinetic energy of an electron in the

eter of the adiabatic expansi¢say, the ratio of a gyroperiod drift approximation is given by

over a macroscopic time scal&evertheless, this correction .

becomes relevant when drift orbits are followed over times ~ W=2(y—1)c?/vZ, 17

corresponding to many gyrations. The corrected equation q}c\/here

motion can be derived from a Hamiltonian approath. is

+0” L 16
y(UE UVB)'(?é, (16)

given by y= 1+ (v2Jc?)(02+ pB+ o02). (18
duy, e ur JB db The factoro? in the last term in(18) stems from the fact that
=~ —E— ————+(Ug+Uyp) 5. (10 : : s
dt Mg ymg ds dt the parallel velocity, as well as the gyration speed are nor

. . . malized byv .., while theEXB drift velocity is normalized
Here, Uyg=yvys, andeB_ is the graqhenB drift given by by v.. Clearly, the first terms i{18) dominate for kinetic

the secon(_j term on the T'ght'ha”d S'de(b)f‘_ energies larger than aproximately 1 keV, as considered here.
. Toestimate the relative order of magnitude of the termsrp o £xp iift term will therefore also be neglected (@8).

|_n_(5) and(10), we ”Orma"z? them using characteristic quan-Th;s neglect is consistent with the neglect of the inertia term
tities B;, t., andv. as defined in the MHD run. Her&, in (15).

=80nT is the lobe field strength at the inner boundary of the

) . ; o The drift approximation breaks down when the gyrope-
simulation box,t.=6 s is a characteristic Alvewave travel

. ) ; riod becomes comparable to the characteristic time for the
time across Fhe plasma sheet with a half thlcknes§_pf field evolution,t., or when the gyroradius becomes compa-
- 1_ Re at thp inner boundary, and= L9/t°% lOOQ "WS ISa yable to the characteristic length scale of the underlying elec-
typical Alfven speed. The corresponding electric field unit 'Stric and magnetic field. The first condition leads to a limit for

Ec=Bcv.. We normalize the magnetic moment of the elec-yo 1o qnetic field strength, which can be written in dimen-
tron using the same energy unit as in our previous Study i 1oce form as

and in the study of proton orbit§,because we are interested

in similar energies Bei=N1€02~\,1075, (19
m, , where\; is a numerical factor large compared to unity, say,
Wc:?”c“5 keV, (11) \1~100. The drift approximation thus breaks down when

. . . the magnetic field strength becomes smaller thggn,
such thatu,=W,./B;. Typical dimensionless values of the ~10°3

energies and magnetic moments of energetic particles are in

the range 10—10Qcorresponding to 50—500 keV
Equation(5) then can be written in dimensionless form

(using the symbol "~ to denote dimensionless quantjtites

In the evaluation of the second condition, we find that
typically the shortest characteristic length scale near the
equatorial plane is the magnetic field curvature radjusA

conservative estimate therefore is that the drift approxima-

o ) BXVB A B de , B XdaE tion is valid when
VeTVET 50 T a2 YRt T g N dt a<r./\,, (20)
(12) wherea is the local gyroradius anil, is a number of order
wherely=u,/v¢e 10 or larger. At the equatorial plane, the curvature radius is
_ approximately given by .=(B,/B;)L., whereB. and L,
Vee=Vc\VMp/Me, (13 are the characteristic lobe field and plasma sheet half-

o= ‘/me/mp:l/42-85y ande represents the ratio between thickness defined earlier, respectively, and the gyroradius by
the proton gyroperioddivided by 27) and the characteristic a=mev, /(€B,), wherev, is the gyration velocity. In di-
Alfvén timet,, given by mensionless form, this leads to a second condition for the

magnetic field, given by
e=1wcte)=my/(eBte). (14

. B2>B2,= =0 21
For typical tail parameterss~1/50. er2=N2€U = U, er, @)

The last term in(12), representing electron inertia ef- whereu, = yv, and we have replaceB, with B to apply
fects, is typically much smaller than the preceding gradienthis criterion to arbitrary locations. After some numerical ex-
drift term, as indicated by the additional facter This term  periments we chose.,=1/(\,e0’) =100.
is therefore neglected. The electron drift equations used here The condition(21) is usually much more stringent than
hence are given by that given by threshol@9), except at very low energies. The
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threshold valueB, for transition to a full orbit is also higher =0, and black lines are contours of constant positie
than the one used by Ref. 17, due to the fact that the orbits ispaced at intervals of 4 mV/m. Figure 1 shows the strong
that paper were confined to 90° pitch angle in the equatoridbcalization of the dipolarization and of the enhandeg
plane such that the curvature drift vanishes. The graddent with a peak located well earthward of the neutral line. This is
drift is typically much smaller in the stretched tail, extending the region that most strongly affects the orbits and the par-
the limit for the validity of the drift approximation to lowd ticle acceleration.
values. Since the MHD results are given on a finite grid that is
For B<B,, the full orbits are integrated. Using the same coarser than the orbit integration steps, interpolation of the
normalization as before, the full equations of motion areMHD fields in space and time is necessary. The electric and

given by magnetic fields were interpolated linearly in time. Consis-
DF 1 tency between the magnetic field gradientg1i6) and (16)
D= o a, (220 and the interpolated fields and continuity at the boundaries of
g

the grid boxes requires that the magnetic field be interpolated

1 R R by third-order polynomials in the space coordinates. Since
=—(oE+ YUXB), (23)  this can introduce spurious nonmonotonic variations of the
€T interpolated variables when the fields vary rapidly in space, a

whereli= yW/v ... Note that the vectonsandw now denote Monotonicity-preserving algorithm was used to constrain the
the particle location and velocity, respectively, and tBat derivatives oB.28 The electric field was interpolated linearly
andB are evaluated at this location. AlsB/Dt denotes the in space.

derivative along the full orbit, given b2), rather than along As in our previous test particle simulations, we inte-
the drift orbit. The conditioB< By, , whereB,, is the maxi- ~drated the particle orbits backwards in time until they
mum of the values given bl9) and (21), is used to switch reached the boundary of the simulation box or the initial

from drift orbit integration to full orbit integration. To avoid State. This enables us to impose initial and boundary distri-
a too-frequent shifting wheB oscillates around the critical Putions, consistent with the MHD moments, and to infer the

value, we increased the critical value for upward Shiftmgdistribution function at the later time via Liouville’s theorem
(from full orbit to drift) by a factor of 1.5. of the conservation of.the phase—space derfsityong the

When switching from a full orbit to the drift approxima- Particle trajectory. While this procedure works very well
tion, the phase information is lost. At the switch from drift to When the phase-space mapping between the initial ?‘%g final
full orbit we therefore imposed a random phase. Although©cations is a smooth function of the phase coordinates,
the choice of this phase may strongly affect an individualchaotic effects may dominate in parts or all of phase space.
orbit, we found that it had no significant effect on the overall That means that a slight variation in the final location or
characteristics, such as the times and locations where accapeed_ can lead to V_E:lStly different lnltla_\l locations or speeds,
erated particles are found. Similarly, the exact numericaPnd vice versa. Similar effects may arise from the choice of
value for the critical magnetic field strengi, for the orbit theb_ ralndcr)]m phasehat transm(;)nslfromf ?hdrg_t ffg'tt_to e; full
shift, which also influences the phase, may significantly altef’ It In this case t. € mapped value ol the distrbution Tunc-
an individual orbit but has no strong effect on the overalltion can fluctuate S|gn|f|canFIy|n a small neighborhood of the
characteristics. This will be discussed in the following sec-Chosen _phase—spacg location. The actual value to be com-
tion. pared with observations then has to be an averageowér

such a neighborhood, using a sufficient number of phase-

space trajectories.

u

9| 2

11l. BACKGROUND FIELDS AND CHARACTERISTIC
ORBITS A. Effect of the threshold for orbit transitions

The underlying MHD simulatiof! is the same as in pre- Typical effects of orbit transitions and the role of the
vious test particle investigationt§’ modeling the dynamics critical threshold(21) are illustrated by Fig. 2, which shows
of a tail section —65Rg=<x<—-5Rg, |y|<10Rg, |Z the equatorial crossing points of orbits traced backwards in
<10Rg, with a dipole located outside the simulation box attime from t=8 min atx=—10, y=z=0 with a final pitch
x=0 and assuming symmetry arouye=0 andz=0. The angle of 85° and an energy of 180 keV. Since the final part of
simulation of the dynamic breakup phase is preceded by the orbit satisfied our drift criterion, no phase specification
simulated growth phase, during which an external electriavas necessary. The orbits are superposed on contours of con-
field is applied at the high-latitude boundary of the simula-stant cross-tail electric field, as shown in Fig. 1, taken at
tion box. This leads to the formation of a thin current sheet in=7 min. Orbit(a) (red curve corresponds to the choicg,
the near tail, characteristic for the late growth phase and=100 in (21), while orbits (b) and (c) (green and blue
presumably crucial for the initiation of the breakup phasecurves, respectively correspond tou.,=200, but with
The breakup of this current sheet is initiated by imposingslightly different pitch angles. The dots mark the transition
finite resistivity, defining the initial time=0. A magnetic  from full orbits to drift orbits, or vice versa in each case. All
neutral line forms~2 min after imposing the resistivity. Im- curves show qualitatively similar histories, consistitigr-
portant features are illustrated in Fig. 1, which shows theward in time of a drift from the boundary = 10 towards the
color-coded magnetic fiel®, in the equatorial plane for  center, a somewhat erratic portion ngar 2, where the par-
=6-9 min. The red contour represents the neutral Bge ticles encounter the strong spatial and temporal gradients of
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t=6 min

B, (nT)

16

5 -25 x 45 65

FIG. 1. (Color Color-coded magnetic field, in the equatorial plane far=6-9 min, as obtained in the underlying MHD simulatidRef. 20. The red
contour represents the neutral liBg=0, and black lines are contours of constant positiye shown at multiples of 4 mV/m.

the electric and magnetic field, and a final earthward drifteventually following an early historyy¢>2) closer to orbit
towards the chosen end location. The late historyl(=x (a) than orbit (b). The energy gain for casdgs)—(c) was
= —13) of orbits(a), (b), and(c) is very similar, despite the 124.8, 125.7, and 140.9 keV, respectively. In this case, the
approximation for orbits(b) and (c), while full orbits are o energy gain than the change in the final pitch angle.
calculated during the neutral sheet crossings for o@it In summary, the effects of changing the threshold value
The orbits beginlbackwards in timgto deviate from each ' .

o o g B, are comparable to the effects of small changes in the
other near the location= —13.5,y=2. This is an effect of a h dinates. Orbits that itive t h
sensitivity to small differences in the phase-space Iocation£ ase-space coor mq ?S' rbits that are sen§| ve _0 suc
changes are also sensitive to the changé,.pf while orbits

rather than a sensitivity to the value of, . To demonstrate ) - e T >
this, we included orbitc) in Fig. 2 (blue curve, which cor-  that are insensitive to small variations of the initial or final

responds to the same valug,=200 as orbit(b) but a phase-space location are also insensitive to a variation of
slightly different final pitch anglé«=85.00013. This orbit  B,. However, although such variations thus may have a
begins to deviate from the others near the same locatiorsignificant effect on some individual orbits, we found no
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10 trons with energies above approximately 100 keV. The elec-
T tron originates from the duskward boundary, bounces many
times between the mirror poin{®r between the reflection
points at the boundarx=—5 when the pitch angle is
smalley, while drifting towards the center tail. When it
reaches the central region of earthward collapse it partici-
pates in the drift and becomes accelerated through a betatron
or Fermi mechanism, depending on the pitch angle. Except
for the bounce motion, this is similar to the history of typical
90° pitch-angle accelerated electrons investigated in Ref. 17.

A variant of this history is shown by Fig.(B) for a
different final pitch angle. This particle also starts from the
dusk boundary but from an orbit with an equatorial crossing
point farther out, tailward of the reconnection site. When this
particle approaches the center tail, it becomes trapped on the
earthward section of a field line that undergoes reconnection.
Subsequently, it participates also in the earthward collapse.
FIG. 2. (Color) Equatorial crossing points of orbits traced backwards in time The bottom part of Fig. 4 shows that essentially all of the
from t=8 mi][‘ fééi— leT'r)m/:Z:b'? with a final P“CZ angle 05'285" fa”d t atcceleration takes place during this collapse.

n ener . roil I I n n I n n . . . .
Sroses-faﬁyelc;ctric fie?c(blackeliﬁes),Sta{il«fnS;ltpf 7p(r)nsiﬁ. C())rbi?(c:e\) (or:dsc?mf; e F'Q”re 3c) shows an O_rblt that is more _typl_cal_ at Iowe-r
corresponds tai,, =100 in (21), while orbits (b) and (c) (green and blue  €Nergies of tens of keV. Since the cross-tail drift is less sig-
curves, respectivelycorrespond tai., =200, and pitch anglee=85° and  hificant at these energies, the electrons typically start out
a_=85.0001_°. The dots mark the transition from full orbits to drift orbits, or jnside the boundaries at the initial tracking time. The particle
vice versa in each case. drifts slowly earthward and toward the center until it reaches
the inner tail region and participates in the earthward drift.
@gain, this is the part of the major acceleration.

All orbits shown in Fig. 3 share the fact that the major
acceleration occurs while the electron participates in the
earthward convection of dipolarizing field lines. When the
pitch angle is close to 90° this can easily be understood as

Figure 3 illustrates the typical acceleration of electrons.betatron acceleration. When the pitch angle is smaller, the
The top part of each figure shows sections of a characteristigcceleration can also be understood as an adiabatic process,
electron orbit in a perspective view from the earthward sidenamely Fermi acceleration of a particle that bounces between
whereas the bottom parts show the magnitude of the particlmirror points within a flux tube that becomes shorter as it
energy above the equatorial crossing points of the orbit. Figeipolarizes and moves towards the Earth. This is a combina-
ure Ja) illustrates the most typical orbit of accelerated elec-tion of Fermi type “A” and type “B”,%® where type A cor-

3'"3"-

strong effect on the general characteristics of fluxes to b
discussed later.

B. Characteristic acceleration
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FIG. 3. (Color) Characteristic orbits traced backwards in time frem—10Rg, y=0, z=0. The top parts shows selected bounce orbits in a perspective view
from the earthward sidéed lineg above the equatorial crossing points of the otbitie line, whereas the bottom part shows the magnitude of the particle
energy(red line above the equatorial crossing poirtidue line). The figures correspond t@) a final energy of 180 keV and a pitch angle-15°; (b) 180

keV and«=80°; and(c) 180 keV and ax=15°, respectively.
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FIG. 5. Pitch-angle variation of the phase-space distributiahx= — 10,
y=0, z=0 for an energy of 180 keV and various times as indicated.

levels at different energies, we need to evaluate the values of
5 : | _ the distribution functiorf. This can be done by using Liou-
(e} 00 = i i 1 ville’s theorem of the conservation balong the phase-space
: : i i ' ' trajectory and imposing initial and boundary distributions
consistent with the moments of the MHD simulation. We use
the same initial and boundary distributions as in our previous
investigation of equatorial electron orbitsgefined as kappa
distributions®3?

FIG. 4. (Color) Electron orbit integrated backwards frots=7 min at x . —k—1
=—10,y=0, z=0 with a final energy of 180 keV and pitch angle of 45°. f=fl14+ — (24)
The top panels show different projections of the orbit, and the bottom panel (k—1.5 E, '
shows the energy above the locatiorxirRed portions of the orbit belong to
full orbit integration. h
k=25, E,=0.5 keV, (25)

responds to the effects of particle reflection in a mirror field,

while type B denotes the effects of field-aligned motionneglecting again spatial variations of the characteristic pa-
along a moving curved magnetic field line, such as thoséameters ir(24). Since the plasma sheet density and tempera-
crossing the neutral sheet. This is illustrated by the orbiture in the MHD run do not vary strongly, this neglect has
shown in Fig. 4, which is integrated backwards fram little effect when particles originate from the plasma sheet.
=7 min atx=—10,y=0, z=0 with a final energy of 180 Also, the earthward beams of particles in the plasma sheet
keV and pitch angle of 45°. The top panels show differentooundary layer have similar value of the phase-space density.
projections of the orbit, and the bottom panel shows the entHlowever, the plasma in the lobes is significantly cooler and
ergy above the location i Red portions of the orbit belong more tenuous than the plasma sheet plasma, so that the
to full orbit integration. It is obvious from this figure that, in mapped flux values should be reduced when particles origi-
the fixed frame, the acceleration takes place exclusively dumate from the lobes. This becomes important primarily for
ing the neutral sheet traversals, because that is the regigiectrons at energies below100 keV at later times, when
where the electric field is concentrated. It does not mattelobe field lines reconnect.

whether the full orbit is integrated or the drift approximation ~ Figure 5 shows the pitch-angle variation of the phase-
is used. This shows that the acceleration at small pitch angle&ace distributiorf at the locationx=—10,y=0, z=0 for
resembles Fermi type-B acceleration, which is equivalent t@n energy of 180 keV and various times as indicated. There
neutral sheet or current sheet acceleration, as discussed B{e strong pitch-angle anisotropies, which may vary as a
Ref. 30. In this frame, the mirroring closer to the Earth doegunction of time, but with a preference for enhanced fluxes
not change the energy but is important in providing multiplenear 90° pitch angles. This region widens with time. Figure 6
neutral sheet crossings. However, in a frame that moves witdemonstrates that this feature persists over a wide energy
the equatorial crossing point of the field line, the particlerange, by showing the pitch-angle variationfadt t =8 min
acceleration results from the reflection at the moving mirrorsat the same location for energies between 5 and 500 keV. At
so that the whole process is indeed a combination of type-Aower energies, additional peaks near 0° and 180° become

and type-B Fermi acceleration. evident, which are even higher than the peak near 90°.

In principle, the distributions in Figs. 5 and 6 should be
IV. CHARACTERISTICS OF PHASE-SPACE exactly symmetric around=90°, if the starting phase loca-
DISTRIBUTIONS tions were exactly symmetric. However, due to the random

In this section we will investigate characteristic pitch- phase shifts at orbit transitions, and to the aforementioned
angle variations at various energies. In order to compare flughaotic effects, individual orbits can vary significantly from
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0 - I I ] Similar to results obtained for 90° pitch angles, the dis-
L"‘.‘.‘.‘:%?S\:‘ﬁ 11%:@3’ ] tribution function in Fig. 7 at=6 min is already distorted
2 N\ : /. from the source distribution by an increase that ranges from
\ / ) a few keV to~50 keV. Again, this may be attributed to an
4 PN /\ it ] early weaker increase of the electric field, which may even
\—'\/ N occur during the substorm growth phase. This is also consis-
oF 5 \ i B N S 4 tent with observation$.
\ R R O /
e\ _"' """" /'.I\' .l \\‘ L /'..I'~..
8 Vi - ’/ . I darmem A V. SUMMARY AND CONCLUSIONS
e L | [ TN Extending previous work! we have investigated prop-
I P s e B A R erties of substorm-associated electron injections on the basis
; ] of test particle simulations in the time-dependent magnetic
"20 o s 9'0 0 s 180 and electric fields of an MHD simulation of magnetotail
a dynamics®® This MHD simulation combines self-

_ o o _ consistently the two main features commonly considered for
FIG. 6. Pitch-angle variation of the phase-space distribuftin t=8 min 4 icle acceleration in the inner magnetotail: a near-Earth
atx=—10,y=0, z=0, and energies between 5 and 500 keV, as indicated. . . .

X-type magnetic neutral line, located approximately aRg8
from the near-Earth boundary of the simulation box R3
their symmetry partners. Nevertheless, the main features JFOT the fctintgr of the ctilfo_llean_d the c;)rlllapsg fa nd C:;]p0|al’-
the figures are quite symmetric and consistent on either sid![éal II(')n OTh N Tnermots_ g' reégloln (ia_r f_vvlz(ajr droml € ntehu_-
of «=90°. A similar result was obtained when we changed ral line. The strongest Induced electric TIelds develop in this

region rather than in the immediate vicinity of the neutral

the value of the transition parametey;, in (21). :
The preferential enhancement of fluxes around 90° pitcﬁme'I th . . tiqatidh idered onlv el
angles suggests that an investigation of those pitch angles n the previous investigaliohwe considered only elec-

alone might result in an overestimation of flux increases.tron orbits in the equatorial plane, which is a symmetry plane

This is confirmed by Fig. 7, which shows electron distribu-Oft}.Te MH[.?[ ilmulaltlon. nge,ﬁwe exttep(jled ::)hte aR?IyS'S to
tion functions, averaged over 18 pitch anglesxat— 10,y ar ![ rﬁ“& E' f[: angies an i 0 cie.gtuag?a O(; ]:S” bsf[) \t/ve
=0, z=0 before (=6min) and after the injectiont( > c oo PEWeen gyrocenter cri orbits and 1uf orbit inte-

=7 min), calculated from an initial kappa distributiddot- gration depending upon the validity of the drift approxima-

ted ling. For comparison, we also include the distribution ofHon. This happens primarily at neutral sheet crossings rela-

90° electrons, as obtained in Ref. 17. This clearly demontlVely close to the near-Earth neutral line. Higher-energy

strates that consideration of 90° pitch-angle electrons alonglectrons.(h;]ndreds tofll:ey thﬁt gpdntnt;ute to thﬁ tfrllux m_t |
may lead to a considerable overestimate of fluxes, wherecheases n | € rlleadr al yﬁ']%.‘ yh' It no ;pprf)acth ne ?eu ra
the main temporal features, particularly the rise of fluxes,Ine very closely during their history, due 1o heir strong

may be similar. The change in the model distribution func-ﬁr(ilsi't?" d”f;' kln\yc;olrlltrast, Iowelr-enler?r)]/ erigtitro('asff?vvld
tion in Fig. 7 is quite similar to the changes in observed eV lo tens of key tollow more closely the history ot Tie

distributions shown in Ref. 17. Flux increases occur only inlme “motion,” as given by theEXB drift. They have hence

a limited energy range, which extends from about 1 to 5Odjeen close to the neutral line, while the field line was under-
keV in the simulation ' going reconnection. As a paradoxical consequence, full orbit

integration thus becomes necessary at lower energies, during
part of the orbit, while the drift approximation can be applied
fully for many of the higher-energy orbits.

As in our earlier investigation®*” we found that accel-
eration in the inner collapsing tail region is relatively more
important for flux increases in the near tail than the energy
gain from the cross-tail motion near the neutral line. For
particles in the vicinity of the equatorial plane with pitch
angles close to 90 deg, this acceleration can be understood as
betatron acceleration. Particles with small pitch angles can
be viewed as following a collapsing field line through many
bounces. Since the field line becomes shorter as it dipolarizes
and approaches the Earth, the acceleration mechanism can be

E (keV) understood as Fermi acceleration. An investigation of the

acceleration during such a multiple bounce orbit shows that

FIG. 7. Electron distribution function at=-10, y=0, z=0 before ¢  the acceleration, in a fixed frame, takes place during the rela-

=6 min; dash-dotted lineand after the injectiont€7 min; solid g, 4,61y short neutral sheet crossing, where the large cross-tail
calculated from an initial kappa distributigdotted ling, averaged over 18 - . . . .

pitch angles. For comparison, the distribution of 90° electrons, as obtaine@l€Ctric field is localized. The acceleration of the small pitch-
in Ref. 17, is also include(dashed ling angle electrons hence can be understood as multiple Fermi

IgF
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